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FOREWORD 


This document summarizes the test data generated and gathered during a 
series of wind tunnel tests related to plume simulation on Space Shuttle. The 
work was performed for NASA Marshall Space Flight Center, Huntsville, AL. The 
NASA Technical Coordination for this study was provided by Mssrs. Kenneth L. 
Blackwell and Joseph L. Sims of Systems Dynamics Laboratory. 
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SUMMARY 

At the Initiation of the SSLV program, technology for simulating plumes 
in wind tunnel tests was not adequate to provide the required confidence in 
test data where plume-induced aerodynamic effects might be significant. A 
broad research program was undertaken to correct this deficiency. Four tasks 
within this broad program are reported on herein. Three of these tasks Involve 
conducting experiments, related to three different aspects of the plume simula- 
tion problem: base pressures, lateral jet pressures, and plume parameters. The 

i 

fourth task Involves collecting all of the base pressure test data generated 
during the program. 

Task 1 measured base pressures on a classic cone-ogive-cylinder body as 
affected by the coaxial, high temperature exhaust plumes of a variety of solid 
propellant rockets. Valid data were obtained at supersonic freestream conditions 
but not at transonic. Task 2 produced pressure data related to lateral (separ- 
ation) jets at = 4.5, for multiple clustered nozzles canted to the freestream 
and operating at high dynamic pressure ratios, qj'/q*, (up to 450). All program goals 
were met although the model hardware was found to be large relative to the wind 
tunnel size so that operation was limited to qj/q^ « 250 for some nozzle config- 
urations. Task 3 was a program of parametric measurements in the exhaust plumes 
of solid propellant rockets, and generated the largest parametric set of such 
data to date. Tests were performed at static backpressure conditions corresponding 
to altitudes of 50 kft, 100 kft, and 112 kft for propellants containing 2%, 10?:, 
and 15X Aluminum. Task 4 produced a compact, but comprehensive, collection of 
test data from 10 test series of plume simulation effects on base pressure. 
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NOMENCLATURE 


A 

AP 
B.L. 
c • 1 • 
CTPB 
D, dl a 
ET 

HTPB 

JANNAF 

M 

M.O.C. 

P 

PBAN 

q 

R 

S/N 

SRB 

SSLV 

SSME 

T 


Subscripts: 

amb 

b 

c 

ex 

.1 

n or w 
t 
* 


Area 

Ammonium Perchlorate 
Boundary Layer 
Center Line 

Carboxy Terminated PolyButadiene 

Diameter 

External Tank 

Hydroxyl Terminated PolyButadiene 
i Joint Army Navy NASA Air Force 
Mach Number 

Method of Characteristics 
Pressure 

PolyButadiene Acrylonitrile 

Dynamic Pressure 

Gas Constant 

Serial Number 

Solid Rocket Booster 

Space Shuttle Launch Vehicle 

Space Shuttle Main Engine 

Temperature , ... ,, . v 

Isentropic Exponent (Ratio of Specific Heats) 

Plume Slope 

Nozzle Area Ratio 

Nozzle Wall Angle 

Plate Inclination - See Figure 14 


Ambient 

Base 

Chamber 

Exit 

Jet 

Nozzle Wall 
Total (Stagnation) 
Throat (Sonic) 
Freestream 
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Section 1 
INTRODUCTION 

The development and operation of space launch vehicles may be considerably 
Influenced by the aerodynamic effects Induced by the various propulsive rockets. 

It is important to be able to accurately predict these effects, so that data can 
be generated for vehicle performance, stability and control, and structural design. 
Aerodynamic design data for such vehicles are usually obtained from wind tunnel 
tests of scaled models, where the propulsive rocket engine exhaust plumes are 
simulated by flowing a gas (such as air or some product of combustion) through 
model nozzles. At the initiation of the Space Shuttle Launch Vehicle (SSLV) program, 
the technology for simulating plumes was not adequate to provide the required con- 
fidence in model test data. Significant plume-induced effects were anticipated as 
the SSLV configuration, sketched below, has five major plume-producing rockets. A 
research program was undertaken to correct this deficiency. 
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Tim basic approach of the research program was to conduct a series of para- 
metric wind tunnel test;? with sufficient controls to allow independent assessment 
of the pertinent variables: vehicle type, nozzle geometry, propellant gas type, 
nozzle conditions, and wind tunnel freestream conditions. The total program was 
divided so that NASA personnel were in charge of one group of experiments; REMYECH, 
Incorporated was contracted to perform another group of experiments; and a third 
group was contracted to other industrial concerns. This document summarizes the 
work performed by REMTECil, Incorporated. 

There were four tasks performed during this contract. Three of these involved 
performing experiments, and one involved collecting related published experimental 
data: 

Task 1 High Temperature Exhaust Plume Effects on Case Pressure Simulation 

Task 2 Lateral Jet Simulation 

Task 3 Parametric Measurements in Solid Propellant Plumes 

Task 4 Plume Simulation Data Summary 

Task 1 was a two-phase effort which measured base pressures on a classic 
cone-ogive-cylinder body as affected by the coaxial, high temperature exhaust 
plumes of a variety of solid propellant rockets. The first phase was conducted 
in the NASA IISFC 14 x 14-Inch Trisonic Wind Tunnel (TWT) and primarily covered the 
supersonic speed range: M = 1.5 -3. 5. The second phase was conducted in the 
NASA ARC 6 x 6 -Foot Supersonic Wind Tunnel and covered the transonic speed range: 

M a 0.9 - 1.5. Task 2 was an investigation of lateral jet simulation parameters. 

It was performed in the MSFC TWT using cone-ogive-cylinder and flat plate models 
at M = 4.5, using three different gases: air, CF 4 , and He. A special high 
pressure gas heater (developed for an earlier test in the overall program) was 
used to supply these gases. Task 3 was a test to measure selected parameters in 
the exhaust plumes of a variety of solid propellant rockets, exhausting into a 
quiescent, high-altitude condition. This experiment was a comprehensive and para- 
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metric investigation utilizing the 50 ft diameter sphere that had been built as 
the exhaust receiver for the MSFC High Reynolds Number Wind Tunnel {HRWT). Task 4 
consisted of collecting and summarizing all of the test data generated in the 
complete NASA Plume Technology program. There was a total of ten tests in that 
program, and after evaluation, the data from seven tests were chosen for publication. 

All of the hardware used on these experimental efforts wore developed 
specifically for each respective test (exeept for the gas heater mentioned above 
on Task 2). The following sections of this document present a brief discussion 
of each task. For the three experimental tasks, this discussion includes de- 
scriptions of model hardware, auxiliary equipment, instrumentation, results, 
and examples of the data. For Task 4, the discussion Includes a summary of the 
various tests and hardware from which data arc summarized. Detailed discus- 
sions of all aspects of each task are presented in separate documents. Table 1 
is n guide to those detailed documents along with other related documents gen- 
erated on this contract, keyed to the tasks and associated test Identification 
numbers, 

TABLE 1 . PROGRAM SUMMARY 



Test 

Documentation 

Task 


Test Site 
Id. 

Test Data 
Report 

Protest Info. 
Memo 

msmm 

1 

MAI OF 

TWT-586 

RTR 01 6-1 1 2 * 

RM 01 6-1 5 



FA7 

066-33 

RTR 016-2* 

RM 016-2 7 

RM 016-3° 

2 

FA13 

TWT-612 

RTR 016-3 3 

RM 016-4 3 

RM 016-5 18 

3 

FA21 

HRWT- 30 

RTR 016-4" 

RM 01 6-6 U 


4 


NASA Technical Paper 5 

RM 01G-7 1 2 


1. Superscripts denote reference identification numbers. 

2. Some results of Ref. 4 were given at the 10th JANNAF 

Plume Technology Conference: Ref. 13. 


3 


















■•■■ ■ * • * V » 1 » » I. i . * k ( 


P=?t=TK^ TECH IMG. 


RTR 016-5 


Section 2 

HIGH TEMPERATURE EXHAUST PLUME EFFECTS ON BASE PRESSURE SIMULATION 

It is important to accurately predict the aerodynamic characteristics 
of the Space Shuttle during ascent to provide the data required for structural 
and control systems design. Recent studies have shown that induced effects, 
due to the plumes of the propulsion engines, can have a significant effect 
on the aerodynamic characteristics during the portion of the flight where 
aerodynamic forces are large relative to Inertial forces. At the initiation 
of this program, the technology for simulating the Space Shuttle propulsion system 
plumes in a wind tunnel was not adequate to provide the required confidence in 
aerodynamic data obtained from model tests where plume induced effects are 
significant. In order to advance plume simulation technology, a test program was 
ini tiated. 

Task 1 was conducted to measure the aerodynamic effects of plumes from 
high temperature gases in the presence of an external flowfield. This investigation 
provided data to compare with the effects observed using cold gas plumes. The 
first test phase was conducted in the MSFC 14 % 14- Inch Trisonic Wind Tunnel 
(Ref. 14) during December 1973 (MSFC TWT-586; MAI IF). The second phase was con- 
ducted in the ARC 6 x 6-Foot Supersonic Wind Tunnel (Ref. 15) during August 1974, 

(ARC 066-33; FA7). For these tests, a wind tunnel model which included a solid 
propellant combustor was built. The specific objective of these tests was to 
measure combustor, nozzle, and base region pressures using two types of solid 
propellant, operated at four values of chamber pressure, for two nozzle area ratios, 
at four freestream Mach numbers. Propellants with 16 percent and 2 percent Aluminum 
were used to assess the effects of particles on plume aerodynamic interactions, 
at chamber pressures from 400-1800 psia. Conical nozzles of 15° half-angle with 
area ratios of 4 and 8 were used to vary the plume shape. These nozzles were 
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calibrated using cold air. The wind tunnels were run at Mach numbers of 0.9, 

1.2, 1.5, and 3,5, In addition to the pressures measured, Schlieren photographs 
were taken for all of the second phase tests, for the first phase tests at Mach 
3.5, and for the nozzle air calibration tests. Reference 1 presents the data 
acquired during the first test phase, along with detailed definition of the hard- 
ware and tests conditions; Reference 2 is a similar document for the second test 
phase. 

For the first phase,, a total of 31 rocket firings were accomplished in 11 
days of operation, with 3 days of nozzle calibration aid model installation 
preceeriing the main test period. The average operational rate was 2 hours 
per run in the blowdown MSFC tunnel. For the second phase, a total of 23 
firings were accomplished 1 n 1 4 shifts, after 5 shifts of model installation. 

Average operational rate was 5 hours per run In the continuous-flow ARC tunnel. 

A capsule summary of the Task 1 test series is presented in Table II, 

Design and instrumentation of the model is shown in Figure 1. The pressure 
transducers were mounted in the support strut, for closest proximity to the 
pressure port and thus, minimum response lag. Characteristics of the sol 1 d- 
propell ant-burning gas generator (Ref. 16), which produced the high temperature 
gas for the exhaust plume, are presented in Figure 2. This device was designed 
as an integral part of the model so that the combustion chamber outside wall 
formed the outer mold lines of the aerodynamic surface. Ignition was provided 
by a single, head-end mounted electric squib. Typical operation is shown in Figure 3. 

The nature of this test was such that the gas generator chamber pressure 
was not explicitly controllable. Once the igniter fired, the propellant burned, 
and the resulting chamber pressure varied with time in response to irregularities 
in manufacturing tolerances in the various gas generators. Nozzle and base 
pressures were directly affected by the chamber pressure. Typical time histories 
of selected pressures are shown in Figure 4. 


5 


p=? e: rv — i tech i m o. 


m 016-5 


TADLE II 

CAPSULE OF TASK 1 TEST SERIES 

a. Type of Tests 


Internal Flow 
(thru nozzle) 

External Flow 

M * 0 

M„> 0 

Nono 

- 

Tare Runs 

Air 

Nozzle Calibration 

m 

Exhaust Products from 
Solid Propellant Gas 
Generator 

Outside Demonstration 

Basic Hot 
Firing 


Event 

Gas Generator Development at Cal span Corp. (NAS8-26701) 

Gas Generator Delivery to MSFC 

Air Calibration of Nozzles S/N 1*3 In MSFC TWT Special 
Tost Section 

Tare Runs 4 Basic Hot Firings In MSFC TWT Transonic 4 
Supersonic Tost Sections 

Air Calibration of Nozzle S/II 2, Recoil 1b. of Nozzle S/N3.‘ 
In MSFC TWT Special Test Section 

Gas Generator Delivery to ARC 

Tare Runs 4 Basic Hot Firings In ARC 6 x 6-Foot SWT 


b. Chron ology 
Oat# 

Sep-Oct 73 
26 Nov, 

3-4 Dec. 

5-19 Dec, 

16 Jan. 74 

1 Aug, 

21-20 Aug, 


c. Test Accomplished (O e slgn Values) 
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a* 


Measured 


°n 

e 

(cm) 

o* 

(cm) 

L 

(cm) 

“ex 

(In.) 

D* 

(in.) 

L 

(in.) 

14.9° 

7.88 

1.77 

.630 

2.26 

.696 

.248 

.891 

14.7° 

7.88 

1.77 

.630 

2.52 

.696 

.248 

.994 

15.0° 

7.92 

1.77 

,630 

2.30 

.698 

.248 

.905 

15.0° 

7.97 

1.79 

.635 

2.33 

.706 

.250 

.918 

15.2° 

4.05 

1.78 

.884 

1.88 

.700 

.348 

.740 

15.0° 

4.09 

1.78 

.879 

1.85 

.700 

.346 

.730 



<J>=0° 

X/D r/R 

$-60° 

X/D r/R 

0 .52 

f .84 

.03 1.0 

.33 1 

.67 T 

0 .52 

T -84 




Id. 

Middle Tap 
<j> X/L A/ A* 

Downstream Tap 
Id. <j> X/L A/A* 


3 

120° 

.569 3.92 

4 240° 

.943 7.27 


3 

120° 

.622 4.04 

4 240° 

.952 7.33 


3 

120° 

.608 4.19 

4 240° 

.963 7.53 


3 

120° 

.612 4.25 

4 240° 

.967 7.62 


3 

120° 

.644 2.56 

4 240° 

.942 3,78 


3 

120° 

.655 2.67 

4 240° 

.959 3.91 



re 1. Concluded 
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OP POOR QUALITY 


(All Dimensions in inches) 


r a. .Compl ete Assemb] 
Propellant 


ANB-3335-1 
{ 2/JA1 ) 

| (.079 Thick) 

Dtp - 3001 
( 1 6%A1 ) 

; (.090 Thick) 


e 

8 


4 

a 



Design 

Propellant 

Diaphragm 

Quantity 

Approx. 

(ps?a) 

Length 

Side Center 

Thickness 

Fab. 

Burn Time 
(msec) 

400 

1.50 

5.60 

.005 

7 

350 

800 

1.60 

9.50 

.007 

9 

200 

1200 

9.50 

1.50 

. 009 

13,. 

50-100 

— t 

400 

8.75 

1.50 

. 005 

10. 

350 

400 

1.50 

3.15 

.005 

9 

300 ‘ 

800 

1.50 

6.20 

.007 

12 

200 

1200 

1.50 

8.60 

.009 

11 

100-150 

1600 

7.80 

1.50 

.011 

8 .... 

100 I 

400 

1.50 

8.55 

.005" 

8 

250 

800 

9.50 

1.50 

.007 

. 9 

100-200 j 


b. Propellant Prc 
1 Designation 
[Manufacturer 


operties 

UTP-3001 

United Technology Center 
San dose, Calif. 


Batch No. 

A1 Content 16% 

Oxidizer AP 

Binder PBAN 

Flame Temperature i 6100°R 


(at P c = 300 psia) 


ANB - 3335-1 

Aerojet Solid Propulsion Co. 
Sacramento, Calif. 
VBM-70-C09 
2 % 

AP 

CTPB 

S340°R 

(at P c = 510 psia) 


c_. Operational Events 
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For the time histories, digital data were recorded every 2 msec, producing 
a total of approximately 100,000 digital data points {along with 6-8 channels 
of analog data on each run). Useful schliern flow visualization photographs 
were obtained for 12 hot firings, 40 nozzle calibrations, and 9 tare (wind on, 
plume off) runs. For each run, the time histories were examined, and the period 
was Identified of least variation in P c . The values of all parameters were 
recorded for that period. Examples of the data selected by this process are 
presented in Figures 5 and 6. Figure 5 shows base pressure, the parameter of 
primary Interest in th’ls.study. Figure 6 shows nozzle wall pressures compared 
to two theoretical values. The degree of agreement of theory to test data 
within the nozzle strongly affects the confidence placed in theoretically- 
predicted plume shapes downstream of the nozzle. 

The supersonic (M*, >.1.5) data generated on this task have been accepted. 

The transonic (M m >. 1.2) have not been regarded with high confidence. In the 
Phase 1 transonic test, Mach number was controlled via tunnel plenum pressure. 

The tunnel control system could not respond rapidly enough to compensate for 
the large plume-induced pressure transient during the brief rocket motor opera- 
tion, so steady-state tunnel conditions were not obtained. (In the supersonic 
phase, no such problem arose because Mach number was controlled by the nozzle 
area ratio and the pressure ratio across the nozzle.) In the Phase 2 test, the 
pressure transducers exhibited significant zero-drifts during the 1-2 hour period 
between closing the wind tunnel and reaching the desired test conditions. It 
was suspected that this drift was caused by temperature changes during the pro- 
tracted tunnel operation. However, no satisfactory corrective technique v/as 
devised, so that Phase 2 data could not be used. 




Figure 5. Example of Task 1 Base Pressure Data (e 














Pressure ( 16 % A £ UTP-3001) 
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Section 3 


LATERAL JET SIMULATION 


Small solid propellant rocket motors are used on the Space Shuttle SRB 
to provide positive separation from the orbiter and external tank (ET). The 
plumes from these small motors Impinge on the orbiter/ET combination and 


cause induced aerodynamic effects, which can be a significant factor in the overall 


aerodynamic forces on the vehicle. Because of the Importance of these separation 
motor effects, the plumes of the motors must be simulated during aerodynamic 


tests of the separation. Although there has been testing to characterize the 


effects of small motors firing normal to the boundary flow past a vehicle, there 
are significant differences between previous research and the conditions which will 
exist on the Space Shuttle. In this case, the ratio of exhaust plume to freestream 
dynamic pressure is higher, and multiple clustered nozzles are used, canted 
relative to the freestream. Because the available technology for simulating the 
Space Shuttle separation system plumes in a wind tunnel was not adequate to provide 
the required confidence in aerodynamic data, a test program was initiated. This 
test would determine if the presently accepted simulation - nozzle contouring to 
produce an air plume shape to match the prototype plume shape - were suitable for 
this application. Suitability would be evaluated by schlieren visualization of 
the complex interacting flowfield of the nozzle jet and the freestream, and by 


pressures produced on both the nozzle-mounting body and on a flat plate in proximity 


to the nozzles. 


To achieve these results, the following set of pressure models and 
instrumentation was built and tested in the MSFC 14 x 14-Inch Trisonic Wind Tunnel: 


Flat plate model 
Cone-cylinder model - short 
Cone-cylinder model - long 
Nozzles 

Impingement pressure plate 
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The models accomodated several nozzle configurations. Each nozzle was calibrated 
with air by measuring exit pitot pressure in a quiescent backpressure environment. 
A heater and gas supply system was used to control the temperature and pressure 
of the test gases. Three gases were used: air, CF 4 , and He. The target chamber 
temperature was 1000°R for all cases. Model surface pressures, schlleren flow 
visualization, and impingement plate surface pressures were obtained. Tests 
were conducted at M =0 and M ** 4.40. Variations were made in model nozzle 

to CO 

chamber pressure (from 50 to 2000 psia) and tunnel total pressure (from 20 to 
70 psia). Variations of pitch or yaw were not made. A plate was mounted in the 
lateral jet plumes to investigate impingement pressures produced by the plumes. 
Pressures were measured on the model and impingement plate surfaces, and schlleren 
photographs of the complex interaction flowfield were made. A total of 202 runs 
were accomplished In 21 days of operation; 4 days of model installation proceeded 
the test period. Thus, the average run rate after installation was about 9.6 per 
day. The greatest number of runs per day was 18, and 16 runs were accomplished on 
each of two days. A capsule summary of the Task 2 test series is presented in 
Table III. 

The SRB configuration is a cone-cylinder-frustum with four separation motors 
mounted on the cone and four on the frustum, as sketched below: 



Aft Motors 


•<* 

v 

\ 


40 c 


/ 


Forward Motors 


1 . 


a 


.. 10 D 


The models and nozzles for this test were designed to approximate this configuration 
but limitations of wind tunnel size and arrangement did not permit exact scaling. 
Details of the models and nozzles are given in Figure 7. There were three basic 
models. The cylindrical models qualitatively represented the SRB, with the short 
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. Hardware Use 


TABLE III 

CAPSULE OF TASK 2 TEST SERIES 


original PAGE 18 
OF POOR QUALUX 


Gas 

Element 1 


Nozzle 

Schlieren 

Impingement 


Calibration 

Only 


Plate 

Air 

Flat (1) 

Flat 

1 



Short (12) 

Short 

4) 

Short (3) 


Lonq 

jL 

Lonn (3) 

He 


Flat 

4 




Lonq 

1 


cf 4 


Short 

2) 

Short (2) 



Long 

r 2) 

Lonq (2) 


□ . 


Test Matrix (showing number of runs ) 
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^ 2.877 

1.502K/\| 

i-ohuLw 


Short Model 


Model Body 


Removeable Nozzle Blocks 


b. Long Model 


c. Flat Plate Model 


Dimensions in inches. 


8 8 

8 8 

o o 

8 8 

8 08 





Model Surface 
Pressure Leads 

•Fitting for Gas Supply 


• r- B . L > ^ 

-c- 

► 

1/ Transition 


k 




1.124 Dia. 



Permanent Nozzle 

i 

“ 5.0 M 

M.. 




V 


Nominal Tunnel Sta. 16.15 


Figure 7. Task 2 Model Designs 
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Dimensions in inches 



Hi* 


»f) 


| DESIGN VALUES . 

Part 

No. 

Id. 

No. 

© 

Quan. 
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model positioning the forward nozzles In the schlleren visualization flbld, and 
the long model positioning the aft nozzles there. A classic flat plate config- 
uration was Included so that data from this test could be directly compared to 
previous data. Nozzle patterns provided a parametric variation from the classic 
single, normal design through a single, Inclined design to the SRB-type of In- 
clined, four-nozzle configuration. All nozzle profiles were conventional conical 
shapes. Hall angles and expansion ratios were selected to match Initial plume 
shapes (<5j) for the various test gases. 

To qualitatively represent the Shuttle FT, which Is In close proximity to 
the SRB separation motors, a flat plate was provided upon v.’hlch the model nozzle 
exhausts would impinge. Installation arrangements of this Impingement pressure 
plate are shown in Figure 8. Locations of all of the pressure Instrumentation 
ports are shown in Figure 9. 

To supply heated, high pressure gases to these model, an extant heater 
(Ref. 17) was used. A schematic of this heater Is presented In Figure 10. 

There were three close-coupled tanks. Pneumatically driven compressors pumped 
low pressure gas to the cold tank. This tank was used as the controlled sup- 
ply for the heater tank, where the gas could be electrically heated as desired. 

A mixing valve was used to control the temperature of the gas delivered to the 
model. Gases could be delivered to the model at 2000 psia and 106Q°R, at flow 
rates up to 4 Ib/sec for 10 seconds. A small relief tank permitted operational 
flexibility, especially in preventing loss of expensive CF^ gas. 

It was crucial to investigate plume simulation at the high jet dynamic 
pressure/ambient dynamic pressure ratios (qj/qj associated with SSLV: qj/q tt > 400. 
The maximum obtainable value of q^ was limited by the gas heater capability, so 
to achieve this high ratio of q-j/q w the value of q m was reduced by operating the 
tunnel at minimum stagnation pressure (20 psia). Unfortunately, at this condition, 
it was not possible to verify a turbulent boundary layer on the short model. 
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Another problem affecting this goal of high values of q./q,; was that a number of 
tunnel unstarts occured, especially with four-hole nozzles on the short model at 
high q,'/q lt) . The maximum allowable qj/q*, value was determined for each nozzle by 
trial and error. An example of the flowfield produced by a four-hole nozzle on 
the short model at an intermediate value of qj/q ro («240) is shown in Figure 11, 
along with typical pressure data. In the early stages, several repeat runs were 
made. The indicated repeatability was adequate to preclude further repeat points 
in the program. It also became apparent that schlieren photographs of the = 0 
runs were not useful, and were not attempted after Run 55. 

Of the 202 runs completed, 194 gave useful results representing approx- 
imately 14,000 digital data points and 156 schlieren flow visualization photo- 
graphs. 
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Section 4 

PARAMETRIC MEASUREMENTS IN SOLID PROPELLANT PLUMES 

Solid propellant rocket motors are common Items on space vehicles. There 
has been continuing effort to produce more accurate analyses of plumes of such 
rocket motors. The traditional method for evaluating the utility of analyses 
is to compare analytically-predicted properties with measured values and, of 
course, this method has been applied to these analyses. However, there have 
been several shortcomings regarding this approach: 

1. Measured values of plume properties are scarce. 

2. Measured values have not been acquired with enough repeat 
cases to provide high confidence in their reliability. 

3. Data are not available for parametrically varied conditions. 

An experimental program was conducted to overcome many of these short- 
comings, The specific aim of this program was to Increase confidence in a 
particular recently developed analysis of solid propellant rocket motor exhaust 
plumes (Ref. 18) for Space Shuttle applications. The overriding consideration 
was to acquire parametric data of the utmost reliability. Extensive use was made 
of repeat data points to enhance reliability. A new facility was provided by 
adding a vacuum capability, supplying Instrumentation, and enhancing personnel 
access for the 50 ft diameter sphere which is the exhaust receive)' for the 
MSEC High Reynolds Number Wind Tunnel (HRWT) (Ref. 19). 

One rocket nozzle geometry representative of the shuttle SRB U a 7.6, = 

15°) and one design chamber pressure (1000 psia) were used throughout. The test 
variables were propellant aluminum content and pressure altitude, encompassing 
Shuttle usage. Plume measurements Included pressures, temperatures, forces, 
heat transfer rates, particle sampling, and high-speed movies. Approximately 
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210,000 digital data points and 15,000 movie frames were acquired In 90 firings. 
Measurements were made in the plumes via rake-mounted probes, and on the surface 

of a large plate Impinged upon by the exhaust plume. Parametric variations were made 
In pressure altitude {50K, 100K, 112K feet), propellant aluminum loading (2%, 10%, 
15%), impinged plate incidence angle (30°', 45°, 60°, 90°), and distance from 
nozzle exit to plate or rake (X/D = 5, 12, 16, 20). A nozzle calibration phase 
(with air, in the MSFC 14 x 14-Inch TWT) proceeded the basic test of rocket motors 
in the HRWT 50 ft sphere. A capsule summary Is given In Table IV. 

The basic test setup incorporated an array of plume instrumentation located in 
the exhaust plume of a small solid propellant rocket motor (Fig. 12). The rocket 
motors to produce the plumes were of a design which had been used frequently in 
U. S. Army Missile Research and Development Command Programs, Fig. 13. The motor 
was mounted onto the motor support for alignment with the plume instrumentation 
equipment. The propellant composition was 11.35% HTPB binder, 84% solids {AP and 
At), and 4.65% of specialized agents and plasticizer. Three aluminum contents 
were used: 2%, 10%, and 15%. The propellant (weighing approximately 0.3 lb.) 

was bonded to the case. The igniter was a separate component installed in the 
nozzle entrance during the motor assembly procedure. Peak thrust was less than 
400 lb. Because of the brief motor operating time, ~ 200 msec, instrumentation 
required rapid response characteristics. Rocket nozzle and P c transducers were 
located in close proximity to the measuring port to preclude response lags. 

The plume instrumentation is shown in Fig. 14. The rake or plate could be 
positioned at any longitudinal location, and the plate could be rotated to several 
Inclinations. The rake could accommodate pressure, heat rate, temperature, and 
force gage probes at 0.50 in. increments. The force gage was positioned with 
greater spacing so that its large bow shock would not interfere with adjacent gages. 
The purpose of this force gage was to confirm that the pitot pressure measured In 
this two-phase flow environment truly represents gas-phase pressure without spurious 
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TABLE IV 

CAPSULE OF TASK 3 TEST SERIES 




a. Summary (Showing Altitudes In Feet) 
(No. of runs In parentheses) 



X/D a 5 

X/D a 12 

Plate 
(if' = *15°) 

50K (6) 
100K (6) 

I00K (6) 

Rake 

50K (7) 
I00K (4) 

I00K (5) 
11 2 K (61 

Particle 


100K ('») 


1 00K (26) 

(+'J' a 309GO?90?) 


1 1 2K (?) 
100K (6) 


' 23 


Deta i Is 


Design f' = 1000 psia 



6 112,000 feet pressure altitude 
o 100,000 feet pressure altitude 
A 50,000 feet pressure altitude 
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Figure 13. Task 3 Rocket Motor 
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Figure 14, Concluded 

particle-induced effects. The plate Incorporated pressure and heat rate gages. 
Alignment and spacing of gages were fixed. Plate Incidence angles (t) were 
available at 15° Increments. Plume pressures were measured with commercial trans- 
ducers located in close proximity to the pitot tube face, approximately 10 in., 
to preclude response lags. The temperature measuring device was a VJ-.Cl5Re/W-,26Re 
thermocouple, of 0.001 in. diameter wire, installed in a special probe. Heat rate 
measurement came from copper slug calorimeters with a nominal upper flux level of 
600 Btu/ft 2 /sec. The force gage Incorporated a piezoelectric crystal. 

Other instrumentation included movies and particle sampling. High speed 
color motion pictures (approximately 1500 frames/sec) were acquired using a camera 
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In the sphere. The particle sampling equipment was Intended to quantify the par- 
ticle size distribution using a rotating wax disk (on a steel backplate) shielded 
by a slotted cover to limit the spatial extent of sampling. Particles arriving at 
the shield entered the slot and impinged the wax. Rotation of the disk behind this 
slot arrayed the particles on the wax in an arc which produced a time history, and 
the length of the slot produced a radial distribution. The disk vias rotated at a 
speed such that the rocket motor start-up and tail-off particles would not overlap, 
yet still be arrayed over most of the disk. 

Figure 15 shows photographs of typical installed instrumentation. Figure 16 
shows test operations for several typical Instrumentation setups, as photographed 

t 

by the high speed movie camera. Typical time histories of test data are presented 
In Figure 17. As with the Task 1 test series, P c was not explicitly controllable. 

The time histories were evaluated to Identify an interval of 50 msec during which 
P c was acceptably smooth. The data were then averaged over this identified interval. 
Data selected by this process are presented in Figures 18-20. 

Equipment durability was excellent, although there was instrumentation deter- 
ioration at X/D = 5. The motors had adequately constant chamber pressure character- 
istics, although P c was less than design for the 2 % and 10$ At propellants. 

However, the program goal was satisfied and 90 runs were performed in 46 working 
days. A routine operation of 3-4 runs/day was developed. At least one repeat 
point was made for each test condition. (The original plan called for 3 runs at 
each condition to provide highest confidence in the data, but demonstrated 
repeatability was found to be adequate with only 2 runs.) Measurements of stag- 
nation temperatures were not reliable nor was particle number density counting 
successful, but the repeatability of pressure and heat rate measurements was 
excellent. The resulting parametric matrix of pressure and heat rate data is 
the most complete set of solid propellant rocket exhaust plume and plume impinge- 
ment data available to date. 


34 



OUALirY 


nq South) 


Plate (lookinq South) 


/ 










































wamnffHWS'sr* 































r-^ £=: N/1 TECl — I INC. 


RTR 016-5 


Section 5 

PLUME SIMULATION DATA SUMMARY 

Design of rocket powered vehicles such as Saturn I & V, Space Shuttle, and 
large military rockets is considerably influenced by the aerodynamic effect 
induced by the main propulsion rocket engines. Aerodynamic design data for these 
vehicle types are usually obtained from wind tunnel tests of scaled -vehicle models 
where the main propulsion engine plumes are simulated by flowing gases such as air 
or some product of combustion through model nozzles. A multi-element study was 
begun to develop an Improved plume simulation procedure for use in design of the 
Space Shuttle Launch Vehicle (SSLV). Task 4 consisted of gathering and summarizing 
all of the wind tunnel test data generated on that study. 

The basic plan of that overall study called for conducting a series of para- 
metric wind tunnel tests that had sufficient controls to allow Independent assess- 
ment of the pertinent variables. Variables Included nozzle geometry, propellant 
gas type, chamber pressure, and chamber temperature for fixed model external geome- 
try and wind tunnel freestream conditions. That matrix of variables was then 
repeated for configuration types which are important to the SSLV such as multiple 
nozzles and multiple bases. The propellant gases were chosen to encompass both 
air and SSLV prototype gasdynamic characteristics. Then, correlations could be 
tried until one was found which would reasonably overlay the base pressure effects 
using either air or prototype propellant gases. This approach could also be at- 
tempted for the various external configuration types and freestream Mach numbers 
to determine their applicability over the range of conditions that would be en- 
countered with the SSLV. It was believed that for a plume simulation program to be 
a success, it would be necessary to fully understand the model and prototype nozzle 
and plume flowfields, and to conduct the wind tunnel tests with some parametric 
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variations. To attack the simulation problem in a parametric fashion it would 
be required to know the measurable parameters considered for this Investigation: 

Model external geometry; external flow conditions (M^, P f » P^, T - air assumed); 

U» too 

nozzle internal geometry; and Internal flow conditions (P c » T , y, R, etc, - 
thermochemical characteristics which are fixed for each exhaust gas). From the 
outset, it was decided to use a simple classic configuration (Fig. 21) such as the 
cone-ogive-cylinder as a baseline for investigation of the plume-to-freestream 
interaction in the base region. Initially, the base geometry was -limited to two 
configurations, a classic single nozzle and a triple nozzle arranged symmetrically 
on the base (orbiter class). In both cases, the exit planes were aft of the base. 
Using these configurations as baselines, the remaining parameters were varied. As 
illustrated in Figure 21, two gases were chosen as prototypes: CF^ for its 

variable y characteristics at medium temperatures, and an aluminized solid propellant 
for its two-phase and high temperature characteristics. Air was used as the 
primary simulant gas . Later, helium was used to obtain a different constant- 
y flow. Ti,a table below Illustrates the matrix of gases and configurations that 
was accomplished during this test series. Figure 22 details the overall test 
program matrix. Note that data from three tests were omitted because of their 
questionable quality. 


GENERAL TEST MATRIX 




Model Configurati 

on 


Gas 

Classic Geometry 
(Sinole Nozzle) 

Orbiter Class 
{Triple Nozzle) 

ET/SRBTlass 
(Triple Body) 

SRB Class 
(Flare) 

He! i urn 
Air 

cf 4 

n hi (a) 
16% hi (b) 



i 

V 

ii 


a Combustion products of ammonium-perchlorate-based solid propellant with 
2% hi in CTPB binder 


b Combustion products of ammonium-perchlorate-based solid propellant with 
16% A£ In PEAN binder 
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Figure 21. Experimental Concept for Data in Task 4 
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Figure 22. Overall Program Schematic for Data in Task 4 
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Fundamental to this program was the understanding of the model nozzle 
performance to the exit plane. It was believed that errors between flight and 
wind tunnel data on previous programs may have been due in part to lack of under- 
standing of the flow in both prototype and model nozzles. To conduct the para- 
metric program as planned it would be imperative to accurately quantify parameters 
that would possibly be used in a simulation equation, such as temperature and pres- 
sure (and thus y or other thermodynamic properties). Therefore, great care was 
taken to provide instrumentation from which the nozzle performance could be det- 
ermined. Furthermore, each nozzle was calibrated under quiescent external flow 
conditions, , 

There was a wide variety of apparatus used: four wind tunnels and five 
model assemblies (with attendent instrumentation) plus some auxiliary equipment 
such as the gas generator and heater mentioned on Tasks 1 and 2, respectively, 
above. Details of all of this equipment are given in Ref. 5. A summary of the 
models and nozzles is given in Figure 23. 

A total of 10 test series were performed. The general quality of these tests 
is presented in Table V. There were seven tests for which the bulk of the data 
were acceptable. Table VI summarizes the conditions of these tests. A great deal 
of model pressure data were acquired, for model chamber, nozzle wall, and 
model base regions. The base pressure is affected by plume flow in the base region, 
and the size of the plume is a first order parameter to be considered in performing 
simulation analyses. Further, the initial plume angle (5.) is a good indicator 

J 

of relative plume size. The range of plume sizes available in the data, as a 
function of M^, gas type, and configuration class, are shown in Figure 24. 

The data gathered and summarized in Task 4 were grouped into three categories. 
The first category was the (single) base pressure of primary interest to develop- 
ment of a simulation parameter, along with the model chamber and wind tunnel free- 
stream conditions. The location of these pressures on the various models is 
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Figure 23. Summary of Models and Nozzles for Data In Task 4 




R?e;rv'iT-{~:c:hH imo, 


ORIGINAL PAGli It 
OF POOR QUALITY 


RTR 016-5 


1 

1 

D 

D 



Figure 23. Concluded 


DRAWN FULL SIZE 


f? t=: rs/i **r e=: c : hh in o. 


RTR 016-5 


TABLE V - SUMMARY OF QUALITY OF TESTS INCLUDED Hi TASK 4 


Test 


Data Usability 


i <wmf) 

3 (FAJ1) 

6 (FA22) 

7 (FA20) 


Acceptable, son o discrepancies In nozzle wall pressures. 
Acceptable, scue discrepancies In nozzle wall pressures. 

Low confidence In P c values due to propellant contamination. 
Acceptable 


Subsonic and low supersonic data not usable duo to tunnel 
being too slow to respond to plume- Induced pressure trans- 
ient before motor termination* quality of pressure trans- 
ducers questionable for supersonic data, 

Transonic portion acceptabla; unresolved question about which 
serial no. nozzle was used on loft and right SRB. 

Acceptable for qualitative comparisons within this data set, 
but tunnel Interference precludes quantitative comparison 


2 (MAI IF) 


3 (FA23) 
|10 (FA19) 


TABLE VI - SUMMARY OF TEST COfIDITIOttS FOR DATA 111 TASK 4 
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Figure 24. Range of Plume Sizes for Data in Task 4 
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An example of this category of data is presented in Figure 25. The second 

» 

category was the complete set of base, body, and nozzle pressures. An example 
of this category of data is presented in Figure 26. The third category was the 
nozzle calibration data, of which an example is shown In Figure 27. 

The complete set of ten test series spanned a three-year period, representing 
approximately 8 months of wind tunnel occupancy. There were approximately 1200 
runs producing 300,000 digital data points. After the Task 4 screening, there 
remained 661 valid runs comprising about 21,000 digital data points, all of 
which were compactly presented in Ref. 5. 
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Figure 25. Example of Task 4 Base Pressure Data of Primary Interest 
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Figure 26. Example of Task 4 Complete Pressure Data 
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Figure 27. Example of Task 4 Nozzle Calibration Data 
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Section 6 ORIGINAL PAGE 7 ft 

OP POOR QOAUTV 

CONCLUSIONS AND RECOMMENDATIONS 

Four tasks were performed to Improve the technology base for predicting 
ascent plume-induced aerodynamic effects on the SSLV over that available from 
Saturn development. The three experimental tasks produced an extensive set 
of valid data: approximately 320,000 digital data points, 15,000 optical movie 

frames, and 200 schlleren still photographs. The data coll ecti on/summari zing 
task inspected 290,000 digital data points from 1200 runs and retained 21,000 points 

i 

from 661 runs for publication. Each of these tasks was completed within budget, 
and was documented within an adequate time period after test completion. As 

with most aerodynamic experimental programs, there were some delays encountered 
in getting access to the various wind tunnel facilities, and some minor require- 
ments for occupancy of the facilities longer than initially expected. However, 
in general, the three experimental tasks were performed in expedient fashion. 

The High Temperature Exhaust Plume Effects on Base Pressure Simulation Task (1) 
was the first use of solid propellants at the MSFC TUT and ARC SWT facilities 
and as such was relatively exploratory in nature. Good performance was ex- 
perienced for the basic model, but the pressure instrumentation needed more protection 
from the heat of the rocket. The Lateral Jet Simulation Task (2) met the program 
goals although the model hardware was found to be large relative to the MSFC TWT. 

The Parametric Measurements In Solid Propellant Plumes Task (3) produced the most 
extensive and parametric set of plume data to date. The Plume Simulation Data 
Summary Task (4) condensed the results of ten test series into a compact and readily 
usable form. 

Those shortcomings in the transonic data obtained in Task 1 were corrected 
in a subsequent NASA test at AEDC, and no recommendations are envisioned 
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regarding that aspect. The size of the MSFC TWT constrained some of the Lateral 
Jet Simulation testing to operation at q.j/q w less than SSLV ranges. It would be 
desirable to obtain at least a limited data set In a larger wind tunnel, where the 
SRB separation condition could be performed. REMTECH envisions that such a test 
would use the existing "long cylinder" model plus high pressure gas heater, with 
air and CF 4 . The NASA Langley UPWT would be a promising candidate wind tunnel. 

These data would complete the verification of the dynamic pressure ratio as an 
adequate correlator for the SSLV separation motor configuration (4 nozzles) at 
flight staging condition: qj/q w ^ 450. This verification was not completely 
achieved in the MSFC TWT, 'with the size model required to mount the various nozzles 
originally tested. 

In the original plan for the Parametric Plume Measurements test, the effect 
of motor scale was of concern. That effect was not addressed in that test due 
to the expense involved, although there were discussions of "piggy-backing" 
instrumentation on a ground test firing in the SRB development (or a related 
program). However, this has not come to pass. It is recommended that an invest- 
igation be undertaken of the practicality of quantifying the motor scale effect 
by "piggy-backing" pressure and heat rate instrumentation in the exhaust plume 
of a medium or large size solid propellant rocket. REMTECH envisions that such 
a scheme could be made to be achievable within reasonable resource allotments, 
if competent and thorough pretest planning is completed. The data thus acquired 
would permit the extensive parametric data base already obtained at small scale 
to be extended with high confidence to SSLV full scale values. 

The recommendations just identified as a result of analyzing the Space Shuttle 
Plume Simulation Effect on Aerodynamics are summarized as follows: 


il 
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I 

i 1. Conduct a limited test of the Lateral Jot Simulation hardware in a 

larger wind tunnel. 

0 ! 2. Perform an investigation to establish the practicality of mounting 

1 pressure and heat rate instrumentation in the exhaust plume of an 

SRB developmental motor. 

a 
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